Mitral cells are the primary output of the olfactory bulb, projecting to many higher brain 28 vivo. Application of the group 1 mGluR agonist DHPG (50µM) robustly up-regulates T-40 channel current in the primary and apical tuft dendrite. Olfactory nerve stimulation 41 generates a long-lasting depolarization and we show that mGluRs recruit T-channels to 42 contribute ~36% of the voltage integral of this depolarization. The long-lasting 43 depolarization results in sustained firing and block of T-channels decreased action 44 potential firing by 84.1±4.6%. Therefore up-regulation of T-channels by mGluRs is 45 required for prolonged firing in response to olfactory nerve input. 46 47
vivo. Application of the group 1 mGluR agonist DHPG (50µM) robustly up-regulates T-40 channel current in the primary and apical tuft dendrite. Olfactory nerve stimulation 41 generates a long-lasting depolarization and we show that mGluRs recruit T-channels to 42 4 crests. These sub-threshold oscillations are accompanied by significant Ca 2+ entry, 74 which can be detected in vivo using Ca 2+ imaging (Charpak et al. 2001) . In this previous 75 study we noted that in the absence of odor-evoked synaptic input, current injection 76 which produced small perturbations of the membrane potential above and below rest 77 resulted in corresponding changes in [Ca 2+ ]. 78
We show, using immunohistochemistry, electrophysiology and 2-photon Ca 2+ imaging, 79 that mitral cells express dendritically localized T-type Ca 2+ channels, probably the 80 Cav3.3 isoform. Subthreshold Ca 2+ entry in mitral cell primary dendrites is through these 81 T-channels. We also show that mGluR activation increases T-channel activity in the 82 primary dendrite. This mGluR action on T-channels generates a significant fraction of 83 the depolarization from olfactory nerve stimulation and results in increased action 84 potential firing. 85
86

Methods 87
Brain slice preparation: Wild-type C57Blk/6J and B6.Cg-Tg (Thy1-YFP) 16Jrs mice 88 (Feng et al. 2000) aged P14-24 (postnatal days) were anesthetized with urethane 89 (~35mg) and decapitated. The brain was removed into iced slicing aCSF containing (in 90 mM): KCl 2.5, Glucose 10, NaH 2 PO 4 1.25, sucrose 250, NaHCO 3 26, MgCl 2 4, CaCl 2 91 0.1. The olfactory bulb hemispheres were separated and individually mounted dorsal 92 side down on the stage of a Leica VT1000 S, and 250-300 µm thick horizontal sections 93 were cut. Slices were transferred to the recording aCSF, which contained (in mM) NaCl 94 125, KCl 2.5, Glucose 10, NaH 2 PO 4 1.25, myo-inositol 3, NaHCO 3 26, MgCl 2 1, CaCl 2 2 95 5 (pH 7.4), incubated at 37 0 C for 1h and then maintained at room temperature until 96
required. 97 98
Electrophysiology: For recording, a slice was transferred to a JG-23 ultra-quiet imaging 99 chamber attached to a PM-1 resistive heating platform (Warner Instruments, Hamden 100 CT). The slices were perfused with [34] [35] [36] 0 C aCSF at a rate of ~1-2 ml min -1 . Mitral cell 101 bodies were identified by their size and location in the mitral cell layer using an Olympus 102 BX51WI microscope fitted with a CCD camera and oblique condenser. Patch pipettes 103
were pulled from thick-walled borosilicate tubing (BF150-86-7.5, Sutter instruments) and 104 Na.GTP 0.3, pH 7.2 with KOH and had series resistances of 7-20 MΩ which was 112 compensated by the bridge balance circuitry. Electrophysiological data were sampled at 113 20kHz and filtered at 3-5 kHz. For current recordings p/n leak subtraction was 114 performed to minimize uncompensated capacitive artifacts. All recordings were 115 performed at least 20 mins after break-through to allow dialysis of the large dendritic 116 compartments. Figure 1C ). 248
Although 500µM Ni 2+ will block T-currents, it has been reported to attenuate some high high external TEA-Cl (125mM) was required, which replaced NaCl. 0.5µM TTx was 292 included to ensure sodium channels were blocked and 40µM DNQX, 40µM APV and 293 20µM bicuculline were included to prevent fast synaptic currents. 294
The main apical trunk diameter of mitral cells is large and the characteristic length 295 constant from soma to tuft is estimated to be 1000-1200µm (Djurisic et al. 2004) . 296
Therefore, voltage control of apical compartments should be reasonable over voltages 297 where the membrane behaves passively. However, once voltage-gated channels 298 become active, space-clamp errors will result. These space-clamp errors are particularly 299 problematic for voltage-activated inward currents; channels that open in the dendrite will 300 cause distal locations to be more positive than the command voltage. In effect this 301 results in a regenerative "Ca 2+ spike", as seen in Figure 3A (black arrow). The voltage 302 control in distal locations is lost, so at "command" voltages where only LVA channels 303 should be active, HVA channels will also be recruited. This precludes quantification of 304 current magnitudes for construction of I/V curves. 305
With the limitations described above we restricted quantification of drug effects to 306 the voltage at which Ca 2+ current started to activate. This was defined as the voltage at 307 which ≥75pA Ca 2+ current first appeared. Blocking LVA channels should shift the 308 voltage onset to more depolarized potentials, where higher voltage-activated channels 309 begin to open. Ca 2+ currents were evoked by stepping to voltages between -78mV and -310 48mV from a pre-potential of -108mV. As shown in Figure 3A , a small slowly activating 311
Ca
2+ current is evoked at -68mV. At -58mV the current has increased and an obvious 312 deflection in the current is seen, indicating loss of voltage control (arrow in Figure 3A) . 313
In all 20 cells tested, Ca To assess the location of active T-channels we used a ratiometric Ca 2+ hyperpolarization to -94mV was measured to assess the location of active T-channels. 374
At -64mV T-channels will be the dominant voltage-dependent influx, because they are 375 the only active channels at this voltage (see Figure 3) . Furthermore, hyperpolarization 376 will deactivate these channels, reducing the influx. Therefore a large drop in [Ca 2+ ] upon 377 hyperpolarization from -64mV is indicative of active T-channels. 378
The resting [Ca 2+ ] fluorescence (at -64mV) appeared to be slightly higher in secondary 379 versus primary dendrites (1.09 ±0.24 versus 0.71 ±0.07 G/R, Figure 4B ), and a 380
proportionately larger drop in [Ca 2+ ] was seen in the secondary dendrites upon 381 hyperpolarization (16.39 ±4.90%, n=4 versus 11.46 ±3.80%, n=5, Figure 4B , though 382 these differences between primary and secondary dendrites were not statistically 383 significant antagonists (mibefradil 10µM, n=5 or NNC 55-0396 50µM, n=3) reduced ON evoked 477 action potential firing by 84.1 ±4.6%. Reduction by NNC and mibefradil were similar, 85 478 and 81% respectively so the data were pooled. The number of spikes in each condition 479 was determined from the average of 10 trials. In the cells that displayed early onset 480 firing (5 of 8 cells), blocking T-type channels had no effect on this firing in the first 20ms 481 after the stimulation (1.16 vs 1.0, P=0.52, n=5, Figure 6D-F) . This is consistent with T-482 type channels predominantly contributing to the LLD rather than the initial phase of the 483 EPSP, which is governed by AMPA receptors (De Saint Jan and Westbrook 2007). We 484 were able to achieve reversal of the action potential suppression in one experiment with 485 NNC 55-0396 ( Figure 6D ) and in one with mibefradil, however recovery required ≥1hr of 486 rinsing consistent with previous reports of extremely slow wash-off for these compounds 487 is consistent with these physiological observations. L-type channels have been 513 described in acutely dissociated mitral cells where they activated more positive than -514 30mV and were sensitive to low concentrations (5µM) of dihydropyridines (Wang et al. 515 1996) , which further suggests that L-type channels are not involved in the LVA Ca T-type blockers mibefradil, NNC 55-0396 and 500µM Ni 2+ , indicating that Cav3 518 channels are responsible. The fact that 50µM Ni 2+ had no effect on the voltage onset 519 rules out Cav3.2, which is highly sensitive to Ni 2+ (Lee et al. 1999 ). As Cav3.3 staining is 520 strong in the dendrites, it seems likely that Cav3.3 channels mediate this current, 521 although a small contribution from Cav3.1 channels cannot be ruled out. 522 523
T-channels in mitral dendrites 524
Although T-channels were observed in acutely isolated mitral cells (Wang et al. 1996) , 525 they have not been found in earlier slice studies of mitral cells. For example, using 526 similar methods, Isaacson and Strowbridge (1998) found no evidence for T-channels, 527 based on the lack of effect of 50µM Ni 2+ . At that time it was assumed 50µM Ni 2+ was 528 sufficient to block all T-type channels but Lee et al. (1999) persist for periods of a second or more (Awatramani et al. 2005) . 539
Around the resting membrane potential (-65 to -55mV for mitral cells), LVA T-type Ca (van den Pol 1995), whereas at the soma where mGluR protein is low or absent, no 567 DHPG-induced increase in Ca 2+ was observed. At resting membrane potentials 568 secondary dendrites appear to have LVA Ca 2+ current activity equal to or greater than 569 that in the primary dendrites, but unlike the primary dendrite there was no clear 570 evidence for regulation by mGluR. This may reflect the presence in the secondary 571 dendrites of a Cav3.3 splice variant which is active at RMP without the need for mGluR 572 activation. The weaker Cav3.3 staining of the secondary dendrites would be expected 573 due to their diameters being 2-10 fold thinner than the primary dendrites. Alternatively, 574 our experiments cannot entirely rule out a contribution of Cav1.3 (LVA L-type), which 575 although it is absent in the primary dendrite, may contribute to LVA Ca 2+ influx in the 576 secondary dendrites. 577 mGluR1 activation primarily leads to signal transduction via the Gα q pathway, 578 activating PLC and further downstream, PKC (Ferraguti et al. 2008 ). PKC activation 579 increases the magnitude of all three Cav3 currents without changing kinetics or surface 580 expression (Park et al. 2006 ). Therefore it is likely that the up-regulation of the T-581 channels seen here is via PKC activation [but see (Hildebrand et al. 2007 ) who recently 582
showed Gα q/11 coupled to the M1 muscarinic receptor inhibits Cav3.3 channels through 583
an as yet unidentified mechanism]. 
